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Abstract 
Chalcogenide glasses of the Ge20Sb5Se75-xIx (x = 0, 5, 10, 15, 20 at%) system were prepared. This study was 
performed to examine some Ge-Sb-Se-I glass physical and optical properties, the structural evolution of the glass 
network, and the optical properties of the infrared glass fibers based on our previous studies. The variation 
process of the glass physical properties, such as transition temperature, glass density, and refractive index, were 
investigated from the glass of Ge20Sb5S75 to the Ge20Sb5Se75-xIx glass series. The structural evolutions of these 
glasses were examined by Raman spectroscopy. The Ge20Sb5Se55I20 composition was selected for the preparation 
of the IR fiber. The Ge20Sb5Se55I20 glass was purified through distillation, and the intensity of the impurity 
absorption peaks caused by Ge-O, H2O, and Se-H was reduced or eliminated in the purified glasses. Then, 
Ge20Sb5Se55I20 chalcogenide glass fiber for mid-infrared transmission was fabricated using high-purity materials. 
The transmission loss of the Ge20Sb5Se55I20 fiber was greatly reduced compared with that of the Ge20Sb5Se75 
glass fiber. The lowest losses obtained were 3.5 dB/m at 3.3 µm for Ge20Sb5Se75I20 fiber, which was remarkably 
improved compared with 48 dB/m of the unpurified Ge20Sb5Se75 fiber. 
 
1. Introduction 
Infrared (IR) transmitting optical fibers are receiving increasing attention because of their various applications, 
such as in radiometric thermometers, chemical analysis, thermal imaging, and infrared laser power delivery as in 
the case of CO2 lasers [1]. Materials and fabrication processes have been investigated to develop fibers. Our 
laboratory primarily focuses on IR-transmitting chalcogenide glasses (ChGs). The Ge-Sb-Se bulk glasses we 
produced have been used for military/civil infrared thermal imaging and have been provided to many domestic 
and foreign customers. These glasses are advantageous because of their broad IR transmitting windows 
(extending to 20 µm) and excellent thermal stability. Thus, we have been exploring IR fiber preparation using 
our Ge-Sb-Se glasses. However, the short-wavelength weak absorption tail (WAT) of these glasses is excessively 
high, which seriously enhances attenuation loss in the fibers. Given that the WAT normally comes from structural 
defects in the glass network [2], this tail is difficult to remove once the composition or glass structure has been 
decided. Hence, in our previous studies, we examined the Ge20Sb5Se75-xIx (x = 0, 5, 10, 15, 20at%) glass system 
and revealed the influence of halide iodine (I) on the optical properties of Ge-Sb-Se ChGs. Our study 
demonstrated that with the progressive substitution of I for Se from x = 5 to x = 20, the optical bandgap clearly 
increased and the WAT decreased significantly. The absorption coefficient α decreased from 2.741 cm-1 to 0.103 
cm-1 in the short-wavelength region of 2.5 µm. We obtained the lowest absorption coefficient α of 0.029 cm-1 for 
the Ge20Sb5Se55I20 glass at the 10.16 µm wavelength. The achieved maximum IR transparency of the new 
Ge–Sb–Se–I glass system was near 80% with an effective transmission window between 0.94 µm to 17 µm. А. P. 
Velmuzhov et al. also studied this glass system and they put forward a method for the preparation of these 
chalcoiodide glasses by reaction of iodides of p-elements with chalcogen melt. They prepared and investigated 
the Ge-Sb-Se-I system with low content of impurities and high infrared transparency [3]. Recently, we further 
investigated some physical natures of this Ge-Sb-Se-I glass system, and with Raman study, we revealed the 
structural evolution of this new glass system to further elucidate our early experimental results. Thus, we focused 
on studies of low-loss arsenic (As)-free IR fibers. 
Numerous studies on the optical properties of ChGs [4,5] have indicated that hydrogen and oxygen 
impurity absorption, as well as the short-wavelength WAT, may be significant loss factors. Hydrogen impurity 
absorptions appear in the high-transparency wavelength region from 2 µm to 5 µm. The WAT, which follows an 
exponential law, appears in the wavelength range of the Urbach tail. These absorptions are known to depend on 
the purity of the glass, so through a series of purification processes, we effectively decreased the absorption 
peaks caused by Ge-O, Se-H, and H2O to the greatest extent in the Ge20Sb5Se55I20 glass. Thus, we prepared 
Ge20Sb5Se75 and Ge20Sb5Se55I20 glass fibers using well-purified glasses. We also investigated some optical 
properties of these IR fibers to examine the possibility of ultralow-loss fiber in ChG systems without the element 
As. 
2. Glass preparation and characterization 
A series of Ge20Sb5Se75˗xIx (x = 0, 5, 10, 15, 20at%) glass samples were prepared by the traditional 
melt-quenching method and marked from G0 to G4. Elemental raw materials of high purity (i.e., Ge, 99.999%; 
Sb, 99.999%; Se, 99.999%; and I, 99.99%) with no further purification were carefully weighed and batched into 
quartz ampoules, which were sealed under vacuum at a pressure of 2 × 10- 4 Pa using a gas-oxygen torch. The 
quartz ampoules containing the raw materials were then heated slowly to 850 °C in rocking furnaces and 
maintained at this temperature for 20 h to ensure homogenization of the mixtures. Once homogenized, the 
melt-containing ampoules were quenched in water at room temperature and swiftly moved to a preheated furnace 
to anneal for 8 h to minimize the inner tension induced by the quenching step. The glass rods (9 mm in diameter 
and 100 mm in length) were removed from the ampoules and finally cut into discs of thicknesses d, as listed in 
Table 1. They were then polished to mirror smoothness on both sides for optical testing. 
Table 1. Glass sample properties 
Sample Composition ρ (g cm˗3) d (cm) Tg (°C) Tp (°C) 
G0 Ge20Sb5Se75 4.591 0.21 185.01 219.13 
G1 Ge20Sb5Se70I5 4.396 0.20 171.03 201.19 
G2 Ge20Sb5Se65I10 4.385 0.19 163.81 199.65 
G3 Ge20Sb5Se60I15 4.376 0.21 147.25 189.15 
G4 Ge20Sb5Se55I20 4.368 0.20 131.48 174.18 
 
Densities were measured according to the Archimedes principle using distilled water as immersion fluid 
with an accuracy of 0.001 g/cm3. The amorphous nature of the glasses was determined by powder X-ray 
diffraction with a powder diffractometer (Bruker AXS GMBH) using CuKα radiation (36 kV, 20 mA). The 
thermal parameters (i.e., Tg and Tp) of these glasses were investigated with a thermal dilatometer (Netzsch 
DIL402) for the sample thickness of approximately 2 mm. The parameters of Tg and Tp were tested using the 
thermal dilatometer (model: Netzsch DIL402) in our research. They were determined in the temperature range of 
40 °C to 450 °C at a heating rate of 4 °C/min. The refractive indices of the samples were obtained using a prism 
coupling device (SAIRON SPA4000, South Korea). The Raman spectra of these glasses were measured at room 
temperature using the back (180°) scattering configuration of a laser confocal Raman spectrometer (Renishaw 
inVia, Gloucestershire, UK) with an Ar ion laser of 488 nm wavelength. A grating with 1800 groove/mm was 
used in these measurements. All optical tests were conducted at room temperature. 
3. Glass physical properties and discussions 
3.1 XRD investigation 
Visual examination is impossible because the ChG glasses are black and totally opaque in the visible region (Fig. 
1a). However, examination with a near-IR (NIR) imaging camera operating at the wavelength of 1 µm indicates 
no evidence of crystal formation. Results show that fewer and smaller glass stripes appear in the glass, and the 
transparency is gradually improved with increasing I content (Fig. 1b). XRD analyses were conducted to further 
determine the amorphous state of each sample. The XRD patterns of the G0 to G4 glass samples are presented in 
Fig. 2. The XRD results showed that as the 2θ of the scanning range increases, the diffraction intensity 
experiences some fluctuations with the instrumental background line. No sharp peaks and crystalline phases are 
observed in the measured XRD spectra, so the amorphous nature of the synthesized glasses can be confirmed [6]. 
 
 
Fig. 1. (a) Visible region images and (b) images of stripes in different glasses taken with an NIR imaging camera operating at a wavelength 
of 1 µm 
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Fig. 2. XRD pattern of the Ge20Sb5Se75˗xIx glass samples 
3.2 Physical and thermal properties 
The densities of the glass samples are shown in Fig. 3, and the results are listed in Table 1. The density, which is 
determined by the mean atom molar mass and packing efficiency of atoms, decreases rapidly from G0 to G4 
[7,8]. As the I content increases, the packing efficiency of the atoms in the glass structure decreases and the 
average molar volume (Vm) increases. Despite the larger atomic weight of I (127) than that of Se (79), the 
measured density ρ decreases with the addition of I. 
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Fig. 3. Densities and molar volume of the Ge20Sb5Se75˗xIx glass samples 
The thermal characteristics of the glass samples were investigated using a thermal dilatometer. Table 1 and Fig. 4 
show that Tg decreases with increasing I content. A minimum Tg value of 131.48 °C is obtained for the 
Ge20Sb5Se55I20 glass. 
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Fig. 4. Thermal parameters of the Ge20Sb5Se75-xIx glass samples 
The decrease in the glass transition temperature Tg can be attributed to the difference in the average bond 
energies of the glasses. The energies of different possible bonds listed in Table 2 can be calculated on the basis of 
the relation postulated by Pauling. 
( ) ( ) ( ) ( )0.5 2* 30 a bD a b D a a D b b χ χ− = − − + −      (1) 
where aχ  and bχ  are the electronegativity values of atoms a and b, and D(a–a) and D(b–b) are the bond 
energies of the a–a and b–b bonds, respectively. 
The bonds are formed in the sequence of decreasing bond energies until all available valences for the atoms are 
saturated [9,10]. The drop in the Tg and Tp in this Ge–Sb–Se–I glass system is due to the formation of the weaker 
Ge–I and Se–I bonds, as well as the reduction in the stronger Ge–Se, Se–Se, and Sb–Se bonds (which is 
confirmed by a succeeding Raman investigation) with the addition of I to the Ge–Sb–Se glasses. The smaller the 
average bond energy, the lower the glass transition temperature of an amorphous glass system becomes. 
Table 2. Bond energy values of different possible bonds 
Bonds Bond energy (kJ/mol) 
Ge-Se 205.607 
Ge-I 186.971 
Se-Se 184.096 
Sb-Se 183.845 
Se-I 167.929 
Ge-Ge 154.808 
I-I 151.001 
Sb-I 145.675 
Ge-Sb 141.168 
Sb-Sb 126.440 
 
The Tp values (the thermal expansion coefficient reaches the peak value at this temperature) of these glasses are 
near 200 °C, which are close to the heat deflection temperature of polyethersulfone (PES) at 203 °C, thereby 
making fiber coating with polymer PES possible. 
3.3 Optical absorption and transmission spectra 
The measured Vis–NIR absorption spectra of the glass samples are shown in Fig. 5. In the short-wavelength 
region, each loss consists of two exponential parts. The steep sloping line corresponds to the Urbach tail and the 
gradual sloping line to the WAT. The WAT dominates the loss factors in chalcogenide glass fibers [11]. Before 
the addition of I, the absorption coefficient of Ge20Sb5Se75 glass is excessively high in the WAT region (Fig. 5). 
However, the WAT amplitude of the Ge20Sb5Se75-xIx glass has considerably decreased with the gradual 
substitution of I for Se from x = 5 to x = 20. 
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Fig. 5. Absorption spectra of the Ge20Sb5Se75-xIx glass samples. 
The transparency of the Ge–Sb–Se–I glass system extends from the band gap region at 0.94 µm to the 
phonon region at approximately 17 µm as shown in Fig. 6. The addition of I has positive effects on improving 
the transparency of this glass system. The transmittance of IR light increased remarkably with the increasing I 
content. The maximum average transmission percentage in the mid-IR region can reach up to almost 80% with 
20 at% of I content. The increased transparency can be explained by the following two factors. On the one hand, 
the relatively smaller polarization of halogen I will impel the glass refractive index to decrease with the 
increasing I content, which brings less Fresnel’s reflective losses. On the other hand, unlike the original 
Ge–Sb–Se glass system, the less glass net-work defects and gradually enhanced glass-forming ability lead to a 
decreased scattering loss in the ameliorative glass system. 
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Fig. 6. IR transmission spectra of the glass sample. 
 
3.4 Raman peak fitting and analysis 
We adopted the Raman spectra of the glasses to reveal the structural evolutions in this glass system and further 
understand the experimental results in our early reports. The fitted spectra presented in this section were 
background corrected and normalized to the maximum intensity of the broad band to determine the variation in 
the structural units and influence of vibrational modes of each unit on the overall Raman spectrum. The 
compositional dependence of the Raman spectra of the Ge20Sb5Se75-xIx glasses is presented in Fig. 7 and 
dominated by several overlapping bands between 100 cm-1 and 400 cm-1. 
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Fig. 7. Normalized Raman spectra of the Ge20Sb5Se75-xIx glasses 
The general features that dominate the Raman spectrum of the glass can be summarized as follows: 
(1) The most intense Raman band at 200 cm-1 and its shoulder called “companion peak” at 214 cm-1 are 
attributed to the symmetrical stretching vibration of Ge−Se bonds in the corner-sharing GeSe4/2 tetrahedra and 
edge-sharing Ge2Se8/2 bi-tetrahedra, respectively [12,13]. 
(2) The broad, low-intensity Raman bands at 256 and 266 cm-1 with a shoulder at 300 cm-1 are due to the 
vibration of the Sen rings and Se–Se chains, respectively [12,13]. 
(3) The shoulder at 173 cm-1 is associated with the vibrations of related Ge–Se bonds in the Se3Ge–GeSe3 
units [14]. 
(4) The peak at 195 cm-1 can be ascribed to the vibration of the heteropolar Sb−Se bonds in SbSe3/2 
pyramids connected through a bridging Se [15]. However, the peak is unclear in the Raman spectra because of 
its overlapping with the Ge−Se vibrational bands and low Sb concentration in the investigated glasses. 
(5) The absence of the band at 150 cm-1 indicates the absence of Sb–Sb bonds in the Se2Sb–SbSe2 structural 
units [16], which is consistent with the very low Sb concentration in the investigated glasses. 
The changes in the Raman spectra with I incorporation exhibited the following characteristics: 
(1) The amplitudes of the 200 and 174 cm-1 bands are reduced, which shows the decrease in corner-shared 
(GeSe4) tetrahedral and Se3Ge–GeSe3 units in I-incorporated glasses. The band at 174 cm-1 clearly disappears in 
the glasses with I concentration of more than 10%. Given that the bond energy of Ge–I is larger than that of 
Ge–Ge, Ge is preferentially bonded with I and would lead to the formation of Ge–I bonds with the addition of I. 
Part of the Se atoms in the GeSe4 units are replaced by I atoms in the newly formed glass system. Additionally, I 
can break the (Se3Ge–GeSe3) units to form complex GeSe4-xIx units, especially under a large amount of I. Thus, 
the intensity of these bands decreases gradually. When the concentration of I increases to 15%, a significant new 
band emerges at 185 cm-1 and enlarges quickly because of the Ge–I vibration.  
(2) The bands located at 214 cm-1 do not significantly vary until x increases up to 20. This scenario indicates 
that the incorporation of I in the glass network mainly breaks the connection of the corner-sharing GeSe4/2 
tetrahedra units rather than the two edge-sharing Ge2Se8/2 bi-tetrahedra because of the firmer bonding of 
edge-sharing than corner-sharing. 
(3) The other remarkable feature extracted from the peak fitting curve is the evolution of the ratio of the total 
defective Se–Se bonds to that of the whole Raman spectra, as shown in Figure 7. The amplitude corresponding 
to the homopolar Se–Se bonds in the Se chains and rings remarkably decreases with the progressive introduction 
of I. This phenomenon demonstrates the decrease in relative ratio of the homopolar Se–Se bonds. 
All these results can be connected with the variation in the attenuation loss and optical bandgap shown in 
our previous studies. The existence of defective units in the amorphous materials forms band-tails below the 
conduction band or above the valence band, and the presence of more defects broadens the energy level of the 
band-tails and narrows the optical bandgap [17,18]_ENREF_25. The formation of new GeSe4-xIx units indicates 
that the dangling bonds in the Se chains, Se rings, and GeSe3 units have gradually been repaired. Thus, the 
absorption coefficient in the WAT of this I-modified glass system decreases effectively. 
4. Fabrication of fibers 
4.1 Glass purification and fiber drawing 
For the Ge20Sb5Se75-xIx (x = 0, 5, 10, 15, 20 at %) glass system, the amplitude of the weak absorption tail 
decreases and the transparency in the IR region increases with the gradually introducing of iodine. Actually, 
when the iodine content exceeds 20%, the glass begins to crystalize gradually and the IR transparency decreases 
sharply. So 20% iodine doping content is the critical value above which the glasses are unsuitable for fabricating 
low-loss IR fibers. So we finally select Ge20Sb5Se55I20 as the optimum glass composition for glass fiber 
preparation. 
The raw materials of Ge-Sb-Se-I glass were pretreated to reduce impurities such as hydrogen and oxygen. 
Ge, Sb, and Se were treated with acid to clean the surface, and I was purified by vacuum sublimation. Then, all 
the pretreated materials doped with a small amount of magnesium (Mg) powder as an oxygen getter were 
introduced into an evaporator (Fig. 8). The whole setup was then sealed in a vacuum at 2 ×10-3 Pa. In an 
appropriate two-heating zone furnace, the temperature of the evaporator was progressively increased to 950 °C, 
and the receiver was kept at a low temperature. All starting elements were then distilled into the receiver apart 
from the oxide impurities (e.g., MgO). The receiver was then sealed and put into a rocking furnace for melting. A 
glass rod of 9 mm diameter and 100 mm length was then obtained.  
Fig. 9 shows the optical transmission of Ge20Sb5Se55I20 glass with and without purification. The broad 
absorption in the 11 µm–13 µm regions is due to oxygen impurity. This peak is considerably weakened after Mg 
reacted with the oxygen in the raw materials. In the purified curve 1, the absorption peaks caused by H2O around 
2.8 and 6.3 µm become very weak, and the peak located at 4.3 µm caused by the Se-H vibration almost 
disappears through the vacuum sublimation to I. 
The purified Ge20Sb5Se55I20 glass rod was zonally heated to 330 °C in an electric furnace with a quartz 
cylindrical muffle and then drawn into fibers under N2 gas flow in our homemade drawing tower. The drawn 
fibers were 300 µm in diameter and 50 m in length. 
 
Fig. 8. The setup for glass preparation: 
 (1) evaporator, (2) receiver, (3) heated tube, (4) temperature-controlled furnace, (5) thermal coupling material, and (6) sealing position 
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Fig. 9. Optical transmission spectra of Ge20Sb5Se55I20 glasses (2 mm thick) (1) glass purified with Mg getter and (2) glass without purification 
4.2 Measurement and discussion 
4.2.1 Fiber transmission loss 
The fiber transmission loss was measured using the standard cutback method with a Nicolet 5700 FTIR instrument. The 
length of the fibers with both facets polished varied from 10 cm to 100 cm. The fiber ends were formed by the knife-cutting 
method. Figure 10(a) shows an image of the fiber end surface obtained using a digital microscope. A globar source and a 
liquid nitrogen-cooled area MCT detector were used in the 2.5 µm–15 µm region. The FTIR light beam was first collimated 
using a gold-plated parabola reflector and then focused into the core of the fiber under test with an aspheric lens (ZnSe lens, f 
= 5 mm). Finally, the transmitted light was measured by the MCT detector abutted to the fiber output facet. 
Fig. 10. Drawn fiber end under the digital microscope: 
(a) perfect fiber end without crystallization and (b) fiber end surface with local crystallization 
The transmission loss spectra of Ge20Sb5Se75 fiber 300 µm in diameter is shown in Fig. 11(a). The absorption 
peaks are caused by hydrogen and oxygen impurities. The peak at 4.3 µm arises from the Se–H fundamental 
stretching vibration [5]. The peak caused by H2O is located at 6.31 µm. The large peak at 11.9 µm is attributed to 
oxide impurities [5]. The lowest loss is 49 dB/m. 
Fig. 11(b) shows the transmission loss spectra of the Ge20Sb5Se55I20 fiber with a diameter of 300 µm. The 
absorption peak at around 2.7 and 3.0 µm are caused by the O-H fundamental stretching vibration. The 
absorption band at 3.2 µm is due to carbon impurity [4]. The large peak at 4.5 µm is due to the Se-H fundamental 
stretching vibration, whereas those around 6.3 and 9.3 µm are due to molecular H2O and oxide impurity, 
respectively [19]. The peak at around 10.3 µm corresponds to Se–Se bond vibration (four-phonon process) and 
oxide impurity absorption [5,20]. These impurity absorption peaks originate mainly from the extremely small 
amount of the residual oxygen and H2O, which had not been removed from the raw materials. 
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Fig. 11. Transmitting loss spectra of (a) Ge20Sb5Se75 and (b) Ge25Sb5Se55I20 fibers 
In general, the loss curve character of Ge20Sb5Se55I20 fiber is similar to that of the Ge20Sb5Se75 fiber, but 
with much lower average transmission loss. The lowest loss (3.55 dB/m) is obtained at 3.3 µm for the 
Ge20Sb5Se55I20 glass fiber, and minimum losses are 4.7, 4.33, and 4.5 dB/m at 5, 7, and 8.4 µm, respectively. The 
Ge20Sb5Se75I20 glass has much less structural defects after glass network optimization, and most impurities are 
eliminated through distillation and sublimation purification processes. Thus, this fiber exhibits much lower loss. 
As we had previously confirmed, the WAT amplitude of the Ge20Sb5Se75-xIx bulk glass considerably decreases 
with the gradual substitution of I for Se from x = 5 to x = 20, and WAT dominates the loss factors in ChG glass 
fibers. Accordingly, the relative amplitude of the loss for the I20 fiber is the lowest in the short-wavelength 
region, as shown in the 3 µm–4 µm region. 
Unlike the transmitting loss spectra of Ge20Sb5Se75 glass fiber, a relatively higher and wider absorbing peak 
caused by organic molecules absorption located between 5.5-6.2 µm was observed [21]. In the process of our 
fiber transmission loss test, we need to clean the fiber ends with organic cleaning solution. However, 
Ge25Sb5Se55I20 fiber contains iodine which is nonpolar and very easily combined with organic solution. So this 
organic molecules related absorption peak was brought during our testing process.  
Introducing I to Ge20Sb5Se75 also affects the long-wavelength multiphonon region. With the addition of I to 
replace Se in the Ge-Sb-Se-I glass system, the multiphonon absorption peaks slightly shift to longer wavelength, 
and the absorption intensities are decreased (Fig. 11). The absorption peak at about 12 µm caused by Ge-Se 
bonds is reduced for I20 fiber. Thus, the transparency region slightly expands toward longer wavelengths (from 
10 µm to 11 µm). The introduction of I atoms is accompanied by the formation of bonds, such as Ge–I, for which 
absorptions caused by vibration might occur at longer wavelength than those of Ge–Se bonds. This vibration 
results from the small increase in the reduced mass by the addition of I (slightly heavier than Se atom) in 
accordance to the following relation: 
k
µλ ∝
                                 
(2)             
where λ is the wavelength at which absorption occurs due to the vibration, µ is the reduced mass 
[µ=M1*M2/(M1+M2), in which M1 and M2 are the atomic masses of the participating (bond forming) atoms], 
and k is the force constant that depends on the nature and strength of the bond. When the atomic mass increases 
because of the incorporation of I, the absorption wavelength increases, which is the dominant factor. 
The other reason for the increase in atomic mass is due to the fact that in the melt at the reaction 
temperature and the relative ratio between the elements, the contamination of Ge-O peak had been replaced by 
another oxide (MgO) based on the thermodynamic stability of the oxides at 950 °C: Mg-O> Ge-O > Se-O> Sb-O 
[22]. MgO has absorption peaks located far away after 12.5 µm. 
The obtained value attenuation of the Ge20Sb5Se75I20 fiber remains much higher than desired, although it is 
much lower compared with that of the Ge-Sb-Se fiber. The glass rod was probably heated too close to Tx and 
crystals formed, which contributed to light scattering. The index number (n), which exhibits the wavelength 
dependence of the transmission loss, was estimated according to the equation (transmission loss) ∝ 
(wavelength)-n to clarify the effect of light scattering. The index numbers are 4.368 and 4.591 for the 
Ge20Sb5Se55I20 and Ge20Sb5Se75 glasses, respectively. This result indicates that Rayleigh scattering is dominant in 
the scattering loss for the I-rich glass fiber, and this characteristic may be enhanced further by 
microcrystallization during the fiber drawing process. This phenomenon is due to the insufficient sensitivity of 
our temperature control device in the fiber drawing system to avoid crystallization. The same effect of unstable 
glasses during fiber drawing was also observed by the addition of Te to the As2Se3 system [23]. A micrograph of 
a partially crystallized fiber cross-section caused by extremely high drawing temperature is shown in Fig. 10(b). 
Sublimation of I, which caused surface irregularity, is also observed in the prepared I20 fibers. All these 
nonhomogeneities increased the transmission loss of the drawn fiber. 
4.2.2 Fiber bending loss 
The bending loss of Ge25Sb5Se55I20 fiber was calculated using the following equation:  






−=
0
log10
T
TLoss bendbend
     (3) 
where T0 is the transmittance of the straight fiber. The bend angle dependence of the loss for this glass fiber in the angle range 
from 0° to 130° is shown in Fig. 12. When the bending angle is increased from 45° to 135°, the introduced additional loss by 
bending fiber changes noticeably from 1.4 dB to 4.1 dB. This result shows that the light transmission of the fiber is not very 
insensitive to bending angles, and an appropriate cladding is necessary for the actual applications to limit the light 
transmission only in the core of the fiber. 
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Fig. 12. Bend loss spectra of the Ge20Sb5Se55I20 optical fiber 
4.2.3 The test of laser power-induced damage threshold 
The experiments on CO2 laser power-induced damage threshold were performed with the Ge20Sb5Se55I20 
glass fiber. The fiber length and the diameter were 1 m and 300 µm, respectively. This fiber is fused at the input 
laser power of 0.92 W, and fiber gasification occurs when laser power reached 1.4 W. At the wavelength of CO2 
laser (10.6 µm) the fiber loss is 10.32 dB/m. Thus, the thermal damage to the fiber is caused by the low glass 
transition temperature and the relatively high absorption at 10. 6 µm compared with the As-contained fibers. 
5. Conclusion 
We investigated some physical and optical properties of the Ge-Sb-Se-I glass system. Then, we purified the 
Ge20Sb5Se55I20 glass through vacuum distillation and sublimation to reduce impurities such as hydrogen and 
oxygen. A Ge20Sb5Se55I20 glass fiber of 300 µm in diameter and 50 m in length was fabricated for testing. The 
transmission loss of I-doped Ge20Sb5Se55I20 fiber greatly decreased compared with that of the Ge20Sb5Se75 fiber. 
The lowest loss (3.55dB/m) was achieved at 3.3 µm. This ChG glass fiber will be applicable to short fiber-length 
transmission media because of its wide operating wavelength range of 1 µm–11 µm. The WAT of the fiber was 
effectively reduced in the short-wavelength region, and the absorption in the long-wavelength region caused by 
oxygen impurities was also decreased by our purification process. The CO2 laser power-induced damage 
threshold was 0.92 W, which originated from the low glass Tg of 131.48 °C and the larger absorption compared 
with the As-contained IR fibers. 
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